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Nucleic Acid Quantification

The present invention relates to quantification of nucleic acids using real-time PCR.

Conventional reverse-transcription polymerase chain reaction (RT-PCR) is a sensitive
and widely used technique. It has often been applied to the detection of relatively rare
mRNA transcripts. However, it is not truly quantitative and is often a gross under-
estimate of total message levels actually present, mostly due to depletion of reagents
during the reaction (Santagati et al, 1997). Consequently, when PCR products are
visualised on a gel, the intensity of the bands are not normally proportional to the

amount of initial target, thus making image analysis inaccurate.

One of the most accurate methods to overcome this limitation is to use the 5°-3’
exonuclease reaction as exemplified by the ABI Prism 7700 sequence detector (FHolland
et al, 1991; Livak et al, 1995). In “real-time PCR” a third element is present, in addition
to the standard PCR primers, called the probe. This probe lies downstream of the
forward primer and has a fluorescent tag at the 5’ end and a quencher at the 3’ end. As
the PCR proceeds, Tag polymerase uses its 5’-3’ exonuélease activity and destroys the
probe thus releasing colour. The colour is directly proportional to the amount of target
DNA present. Hence, if colour is rapidly detected then large amounts of DNA are

present and vice versa when colour release is slow.

Despite the exquisite sensitivity of the real-time PCR reaction, there still exists a major
area of contention. In order to compare samples, it is necessary to use some form of
calibration. One common method is to employ a reference or “house keeping” gene; the
logic being that this will not change even when the target gene alters in level
dramatically (Overbergh et al, 1999). This is essentially an external control. Whilst this
is common practice, there are still signiﬁcéht drawbacks when using this system, most
commonly associated with the fact that the reference gene is not truly static and may
alter slightly during cellular turnover. Another potential source of discrepancy arises

during cDNA synthesis. Ideally, this should be done in a single batch to avoid any

potential variability caused by differences in the efficiency of target and reference gene

transcription. This is clearly impractical in a clinical setting with samples arriving at

1



10

15

20

25

30

WO 03/070980 PCT/GB03/00079

different time intervals, for example.

An alternative method of calibration is to employ an internal reference standard in the
form of a plasmid containing the target gene. Thus, a known amount of plasmid may be
used to construct a calibration curve and then unknown samples identified from this (Li
and Wang, 2000). Hence, results may be expressed as a number of copies of a particular .
gene since copy number is essentially molarity for plasmids. However, to date, this
method has not been ideal, particularly since. it relies on construction of reliable

standards in conjunction with highly accurate ds-DNA quantitation.

The present invention provides a new method for quantification of a target nucleic acid

molecule which addresses these prior art problems.

According to the present invention, there is provided a method for quantification of a

target nucleic acid in a sample, comprising the steps of:

(1) accurately quantifying the total amount of nucleic acid in the sample using
fluorescence;

(2) amplifying the target nucleic acid using real-time PCR primers to produce an
amount of amplicon;

(3) building a reference plasmid based on this amplicon;

(4) constructing a fluorescence reference curve of real-time PCR reactions with
different given quantities of the plasmid;

(5) running a real-time PCR reaction with an aliquot of the sample to amplify the target
nucleic acid and obtain a fluorescence result; and

(6) correlating the fluorescence result of step (5) with the reference curve of step (4) to

quantify the target nucleic acid in the sample.

The use of a target nﬁcleic acid amplicon (an amplified fragment obtained using real-
time PCR primers) for construction of a fluorescence reference curve provides an
internal control for accurate quantification of target nucleic acid in a sample and does
not require the use of a non-target calibration gene. The vast majority of real-time PCR
data in the literature is derived from the use of relative quantitation by employing

calibration genes. This is fraught with complexity and it is possible to advance
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arguments against the use of most of these, as discussed further in the Experimental

section below. The present invention avoids such problems.

A further advantage of using an amplicon as internal control is that amplification of the
target nucleic acid and the control is more likely to be at the same efficiency and the

quantification results more accurate.

Step (2) may be conducted as a real-time PCR reaction or as a normal PCR reaction (i.e.

without probe).

In the invention, the amplicon of step (2) is cloned into a vector (i.e. a plasmid) to
produce a cloned amplicon which is quantified and used to construct the fluorescence
reference curve of step (4). Although it is known to construct a reference curve with a
plasmid into which the target gene has been inserted (see for example Li and Wang,
2000), it is usual to clone the entire target gene, or at least a PCR fragment much larger
than the amplicon produced by real-time PCR (an amplicon is typiceilly 50-150 bp in
length). We have shown that this is unnecessary, since the PCR primers used for real-
time PCR can also be used for cloning. Thus, products from a real-time run can simply
be cloned into a vector and a reference plasmid constructed. The simplicity of this
technique makes the use of reference genes, and their associated complexity, redundant.
In a preferred embodiment, the real-time PCR reaction in step (5) may employ the real-
time primers used in step (2). This will mean that the method requires fewer reagents

and also that control and target amplification will be essentially identical.

The nucleic acid quantification method of step (1) may have a resolution of at least of 1
ng/ml DNA. For example, the nucleic acid quantification method may employ
PicoGreen (RTM) dsDNA quantitat{ion reagent. The use of a sensitive nucleic acid
quantification method is important for accurate quantification of target nucleic acid. If
the nucleic acid quantification method is fluorescent-based (as with the PicoGreen
reagent), the method may be performed such that both step (1) and step (5) are carried
out using a fluorescence-detecting thermocycler, for examiale a Perkin Elmer/Applied
Biosystems Prism 7700 Sequence Detector System. Alternatively, step (1) could be

performed using a fluorimeter. The use of the same machine for step (1) and step (5)
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simplifies the method and provides for faster analysis. For example, if both DNA
quantification and PCR are carried out using the ABI Prism 7700, the need for extra
equipment is reduced. A high throughput may be maintained using a 96-well format, for
example with the ABI Prism 7700. '

In a preferred embodiment, the fluorescence reference curve may be constructed using
the natural log of the threshold cycle (cT) of the real-time PCR reactions against given
quantities of the amplicon or cloned .amplicon expressed as copy number. In yet a
further preferred embodiment, the target nucleic acid in the sample may be quantified as
copy number per amount of total nucleic acid present in the sample (for example, copy
number per pg cDNA). The advantage of this is that it renders any losses that can occur
for example during mRNA isolation from different samples irrelevant and thus
eliminates the need for relative quantitation using house-keeping gene analysis.
Furthermore, with results expressed as copy number/ quantity (e.g. png) of cDNA,
comparison between different experiments and samples will be possible. This will be
particularly advantageous when comparing results from experiments detecting

amplicons of different length.

The target nucleic acid may comprise RNA, for example mRNA. In this case cDNA
may be constructed from the RNA and the cDNA used as the target nucleic acid in steps

(2) and (5). This system will allow quantification of gene expression levels in cells.

In one embodiment, protein levels in the sample are quantified. For example, the
supernatant from cell samples used to generate cDNA may be retained and the protein
level quantified. In this way, both mRNA and protein levels may be obtained from the
same sample. This is ideally suited to clinical trial analysis where multiple samples

must be compared over time with great accuracy.
The target nucleic acid used in step (2) may be from a source other than the sample.

For accurate calculations, steps (4) and (5) are conducted in same (real-time PCR)

reaction plate.
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"The method has been demonstrated (see below) to be particularly useful to measure

cytokine levels. Thus the invention also provides a method for use when the quantity of
target nucleic acid is directly proportional to a cytokine quantity. The real-time PCR
reactions may employ pre-defined assay reagents (PDAR) specific for IFN-y or IL4 (for
example, as obtainable from Applied Biosystems). Altemaﬁvely, the real-time PCR
reactions may use primers and probes for IFN-y, IL.2, IL10 and/or TNF-c: as defined in
Table 1 below (SEQ ID NOs: 1 —12).

In a preferred form; the method uses a real-time PCR probe. However, alternative
systems such as a dye-alone system (for example dsDNA specific dyes such as SYBR-
Green) are not excluded. Furthermore, it may be possible to use nucleic acid
quantification methods in which absorbance rather than fluorescence is detected,
allowing for comstruction of absorbance reference curves rather than fluorescence

reference curves.

Specific embodiments of the invention will be further described below with reference to

the accompanying figures, of which:

Fig. 1 Shows an example of a standard curve obtained for total DNA quantitation.

Linear equation: y = 0.0249x - 0.5022, R*=0.9983;

Fig. 2 Shows an example of a standard curve obtained for specific DNA quantitation.

The linear equation is: y = -0.0723x - 3.8854, R*= 0.9974;
Fig. 3 Shows total cDNA quantitation of mouse splenocytes stimulated for 48 hours;

Fig. 4 Shows IFN-y mRNA quantification in mouse splenocytes cultured for 48 hours

(average of 2 runs);

Fig. 5 Shows IL-4 mRNA quantification in mouse splenocytes cultured for 48 hours

(average of 2 runs);
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Fig. 6 Shows a further example of standard curve obtained for total DNA
quantification. Linear equation: y = 0.0327x — 1.8695, R?=0.9988;

Fig. 7 Shows total cDNA quantification of human PBL stimulated for 24 hours

(average of 2 runs);

Fig. 8 Shows the ratio of average Cr value compared to medium control cDNA in
ribosomal and GAPDH real time PCRs. [i]= medium; [i]= ConA; []=PMA +
Tonomycin; [l = LPS;

Fig. 9 Shows cytokine levels measured using Cytometric Bead Array (A), absolute
c¢DNA quantification (B) and quantification relative to ribosomal cDNA (C). %2 = JFN-

Y, [] =TNF-a, [ ]=1L10; PF3=1IL2;
Fig. 10 Shows IFN-y copy number quantification of serially diluted cDNA; and

Fig. 11 Shows RT-PCR of serially diluted IFN-y plasmid standard (circular (A) and
linearised (B)) diluted in the range of 1 in 10* to 1 in 5 x 10°. For A, linear equation: y =
-0.0612x + 3.7789, R? = 0.9956. For B, linear equation: y = -0.062x + 3.6938, R* =
0.9919.
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Experimental

We describe a preferred method to quantitate the copy number of cytokine molecules
within cDNA samples by including a protocol capable of accurately measuring the total
amount of DNA present in samples with high precision. The method allows the
expression of results as copy number per pg of cDNA. The technique overcomes many
of the objections often advanced against real-time data and we believe is simple, and
routine enough, for standard use in clinical laboratories. Although we have examined
cytokine levels in particular, this technique is applicable to more general real-time PCR

applications.
Materials and Methods

Splenocyte extraction and culture (Example 1)

Spleens were dissected from C57/bl6 mice (St. George’s Hospital Medical School,
London, UK). Splenocytes were isolated by passing through a 40pm nylon cell strainer
(Falcon, Oxford, UK) and washing with medium (RPMI 1640 medium (Sigma
Chemical Co., Dorset, UK) supplemented with 10% foetal calf serum (FCS; PAA
Laboratories, Teddington, UK), L-glutamine (Life Technologies, Paisley, Scotland),
penicillin (1000 U/ml) and streptomycin (1000pg/ml) (Life Technologies)).

Peripheral blood lymphocytes (pbl) were removed by centrifugation over Histopaque
1083 (Sigma). Cells from the interface were washed with phosphate buffered saline
(PBS) before culturing at a concentration of 2.5 x 10%/ml in the presence of Concanavlin
A (ConA) (2.5pg/ml; Sigma), ConA plus recombinant interferon-y (0.01pg/ml, R&D
Systems, Abingdon, UK) or ConA plus recombinant interleukin-4 (0.02pg/ml, R&D

‘systems). A control culture was set up simultaneously containing medium and cells

alone. Cultures were incubated for 48 hours in a 37°C 5% CO, atmosphere incubator

before washing in PBS and proceeding with extraction of RNA.

Human peripheral blood lymphocyte extraction and culture (Example 2)
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10ml human blood from a healthy donor was diluted with 10ml phosphate buffered
saline (PBS) and ﬁeripheral blood lymphocytes (PBL) were removed by centrifugation
over Histopaque 1077 (Sigma). Cells from the interface were washed with PBS before
culturing at a concentration of 2.5 x 10%ml in the presence of either (A) Concanavalin A
(ConA) (2.5pg/ml; Sigma), (B) phorbol 12-myristate 13-acetate (PMA) (0.05pg/ml;
Sigma) + Ionomycin (0.5mg/ml; Sigma), (C) lipopolysaccharide (LPS) (1pg/ml; Sigma)
or (D) control culture of medium and cells alone. Cultures were incubated in a 37°C 5%
CO, atmosphere incubator. After 24 hours incubation the cultures were transferred to
1.5ml eppendorf tubes and cells pélleted at 8000rpm for 1 minute. Supernatants were
transferred to a fresh eppendorf and stored at —80°C prior to analysis by Cytometric

- Bead Array (CBA). Cell pellets were the source for RNA extraction and cDNA

synthesis.

RNA extraction and cDNA synthesis

RNA was extracted from cell pellets of 1x107 cells (mouse spleen PBL; Example 1) or
2.5x10° cells (human blood PBL; Example 2) using an Absolutely RNA RT PCR
miniprep kit (Stratagene, Amsterdam, Holland) according to manufacturers guidelines.
Contaminating genomic DNA was eliminated by the presence of a DNase treatment
step in the kit. RNA was eluted in a volume of 31-32pl and immediately used as
template in cDNA. synthesis. Reverse transcription was performed in 0.2ml PCR tubes
in a total volume of 50pl containing 10mM dNTPs (Gibco BRL), 1pg Oligo(dT)(12-18)
primer (Invitrogen, Groningen, Holland), 80 units recombinant ribonuclease inhibitor
(hlvitrogcn), 31ul RNA, 10ul first strand buffer (5x) (Amersham Pharmacia, Little
Chalfont, UK) and 500 units MMLV reverse transcriptase (Amersham Pharmacia). This
was incubated at 37°C for 1 hour and cDNA was subsequently stored at 4°C (Example
1) or -20°C (Example 2).

PicoGreen quantification of total DNA .

Quantification was performed using reagents from the PicoGreen dsDNA quantitation
kit (Molecular Probes, Cambridge, UK). X DNA standard (Molecular Probes) was
diluted in 1 x Tris-EDTA (TE) to 500ng/ml and aliquoted in triplicate into 96 well

8
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optical reaction plates (Applied Biosystems, Warrington, UK). TE was added to a final
volume of 50ul and final concentrations of 500ng/ml, 375ng/m1, 250ng/ml, 125ng/ml,
62.5ng/ml, 31.25ng/ml and Ong/ml constructed. cDNA was diluted in 1 x TE and added
in triplicate to the reaction plate at 1 in 100 and 1 in 200 dilutions. PicoGreen double
stranded DNA quantitation reagent (Molecular Probes) was diluted 1 in 200 and 50ul
was added to each well thus doubling the dilutions of DNA. An optical adhesive cover
was fixed over the wells and the plate was then wrapped in aluminium foil to prevent
light degradation of the PicoGreen reagent. The plate was vortexed for 3 bursts of 1 or 2
seconds before flicking the plate downwards to force the liquid to the bottom of the
wells. The plate was read using a post-PCR read protocol on the ABI Prism 7700
sequence detector under PicoGreen settings. These settings were generated by creating '
an absorbance spectrum for a PicoGreen standard as per manufacturer’s instructions,
with excitation at 480nm and measurement at 520nm. A linear standard curve was
drawn, plotting the average fluorescence values obtained for the A DNA triplicate values
against the standard DNA concentration (Example 1 - Fig. 1; Example 2 — Fig. 6). The
concentration of test DNA was calculated from the linear equation after adjusting for

dilution.

Absolute quantification of specific cDNA

Specific controls were constructed for Interferon-y (IFN-y), Interleukin-2 (IL2),
Interleukin-4 (IL4) and Interleukin-10 (IL10) by cloning products of real-time PCR
reactions obtained from PCR’s primed with pre-defined assay reagents (PDAR’s)
specific for IFN-y, IL2, IL4 and IL10 (Applied Biosystems). PDAR'’s, ére reagents
containing primers and probes (sequence unavailable from Applied Biosystems) for
specific cDNA targets optimised for use with the ABI Prism 7700 and usually designed
to span intron-exon boundaries. ‘The products were cloned into a pBAD-TOPO vector
using the pBAD TOPO TA cloning kit (Invitrogen). 25ml LB-broth cultures containing
single colonies were grown up overnight, shaking at 37°C and plasmid was
subsequently purified using the QIAfilter plasmid midiprep kit (Quiagen, Crawley,
UK). Plasmid DNA was solubilised in 150ul TE buffer. DNA sequencing (LARK
technologies) confirmed the sequences of the cloned products. cDNA for tumour
necrosis factor alpha (TNF-o) cloned into the pBR322 vector was available from
American Type Culture Collection (ATCC number 39894). Oligonucleotides specific
9
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for the cloned products were subsequently designed with primer express software

(Applied Biosystems) and used in subsequent RT-PCR reactions (see Table 1).

Table 1: Oligonucleotide primer sets for real-time PCR. (Example 2)

cDNA Target
IFN-y

1.2

IL10

TNF-o

GADPH

Oligonucleotide (5’ to 3”)

For: ATG TAT TGC TTT GCG TTG GAC A [SEQID NO: 1]
Rev: TCA ATA GCA ACA AAA AGA AAC GAG [SEQID
NO: 2]

Pro: 6Fam-TCA AGT CAG TTA CCG AAT AAT TAG TCA
GCT TTT C-Tamra [SEQ ID NO: 3]

For: TCA CCA GGA TGC TCA CAT TTA AGT [SEQ ID NO:
4]

Rev: GAG GTT TGA GTT CTT CTT CTA GAC ACT GA
[SEQ ID NO: 5]

Pro: 6Fam-ATG CCC AAG AAG GCC ACA GAA CTG AA-
Tamra [SEQ ID NO: 6]

For: CAA GGA CTC CTT TAA CAA CAA GTT
[SEQ ID NO: 7]

Rev: GAG ATG CCT TCA GCA GAG TG [SEQ ID NO: §]
Pro: 6Fam-CAG CTG ATC CTT CAT TT-MGB [SEQ ID NO:
9]

For: CTG CCC CAA TCC CTT TAT T [SEQ ID NO: 10]

"Rev: CCC AAT TCT CTT TTT GAG CC [SEQ ID NO: 11]

Pro: 6Fam-CCC CTC CTT CAG ACA CCC TCA ACC TCT T-

" Tamra [SEQ ID NO: 12]

For: TCG ACA GTC AGC CGC ATC T [SEQ ID NO: 13]
Rev: CCG TTG ACT CCG ACC TTC A [SEQ ID NO: 14]

10
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For, Rev and Pro indicate forward, reverse and probes, respectively. All primers and
Fam-Tamra probes were purchased from MWG-Biotech. The IL10 Fam-MGB probe
was purchased from Applied Biosystems.

Purified plasmid clones were qliantitated using the PicoGreen quantification method
(see above) with the minor modification that plasmid DNA was measured at 1 in 1000
and 1 in 2000 dilutions.

With the molecular weight of the plasmid and insert known, it is possible to calculate

the copy number as follows:

Weight in daltons (g/mole)= (bp size of ds product)(330 daltons x 2nt/bp)
Hence: (g/mole)/Avagadro’s number= g/molecule = copy number

(where: bp= base pairs, ds= double stranded, nt= nucleotides).

Knowing the copy number and concentration of plasmid DNA the precise number of
molecules added to subsequent real-time PCR runs can be calculated, thus providing a

standard for specific cDNA quantification.

Real-time PCR runs were performed in 96 well optical plates in triplicate wells, each
containing 1 x PCR master mix (Applied Biosystems), 1 x PDAR reagent (Applied
Biosystems; Example 1) or 0.3pmol/ul each of forward primer, reverse primer and
labeled probe (Example 2), and 2p1 template DNA (either cDNA, ¢cDNA diluted 1 in 5,
or plasmid DNA dilutions ranging from 1 in 10%to 11in 5 x 10%) in a final volume of
25y, for 40 cycles using an ABI 7700 Prism (Applied Biosystems). Default 7700 cycle
conditions were: 2 minutes at 50°C then 10 minutes at 95°C followed by 40 cycles of 15
seconds at 95°C and 1 minute at 60°C. A standard curve was drawn by ﬁlotting the
natural log of the threshold cycle (Cr) against the natural log of molecules (Example 1;
Fig. 2). 'The Cr was defined as the cycle at which a statistically significant increase in
the magnitude of the signal generated by the PCR reaction was first detected. Cr was
calculated under default settings for the real time sequence detection software (Applied
Biosystems). The equation drawn from the graph was used to calculate the precise
number of specific cytokine cDNA molecules present per pg total cDNA, tested in the
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same reaction plate as the standard.

Relative quantification

RT-PCR was performed simultaneously for IFN-y, EZ, IL10, TNF-c, ribosomal cDNA
and glyceraldehyde phosphate dehydrogenase (GAPDH) on cDNA diluted 1 in 5 (for
cytokine and GAPDH) and 1 in 100 for ribosomal. RT-PCR was performed in 96 well
optical reaction plates in triplicate (each reaction containing 1 x SYBR Green PCR
Master mix (Applied Biosystems), 0.3pmol/pl of forward primer and reverse primer (or
1 x ready mixed ribosomal primers (Applied Biosystems) for ribosomal RT-PCR) and
2ul template ¢cDNA in a final volume of 25ul). Cycle conditions are the same as
described above for absolute quantification of cDNA. GAPDH.primers were designed
using Primer Express (Applied Biosystems) software (Table 1). Primers for ribosomal
c¢DNA were obtained ready mixed from Applied Biosystems. Fluorescence values were

used to calculate the expression of cytokine RNA levels relative to ribosomal and

GAPDH RNA.

Linearisation of IFN-y circular plasmid DNA

To determine if circular DNA amplified with a different efficiency to linearised DNA,
we cut the IFN-y plasmid standard prior to serial dilution and amplification in parallel to
serially diluted circular IFN-y plasmid standard. 0.1pg plasmid DNA was cut with 10
Units of Eco RV (Life Technologies) in the presence of ‘REACT 2’ buffer (Life
Technologies) for 1 hour at 37°C . The pBAD TOPO vector with IFN-y insert has one
Eco RV restriction site at position 3513.

Cytometric Bead Array analysis

Levels of cytokine protein released into the culture medium were measured using the
Ty1/Ty2 Cytometric Bead Array (CBA) Kit (BD Biosciences, Oxford UK) according to
manufacturers instructions. Supernatants of frozen post PBL culture were thawed
rapidly and spun down at 2000 x g for 3 minutes to remove any cellular debris.
Supernatants were used neat or diluted 1 in 10 in assay diluent (a component of the

CBA kit). A mix of the anti-cytokine beads were added to the neat and diluted
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supernatant samples and incubated with the included PE-detection reagent. Beads and
detection reagent were also mixed with a serially diluted standard of all 4 cytokines.
Samples and standards were incubated in the dark at room temperature for 3 hours. The
samples were analysed on a FACSCalibur fitted with and MAS plate loader (BD

Biosciences), and data analysed using CBA analysis software (BD Biosciences).

Results

Example 1: Mouse-derived PBL

In order to exemplify a preferred methiod, a first example experiment was carried out as
proof of principle. Splenocytes were isolated from a mouse (C57/bl6) and then
stimulated overnight with ConA alone, ConA and interferon-y or ConA and IL4. The
addition of exogenous cytokines causes the de novo synthesis of these molecules by the
stimulated cells in an autocrine manner (Di Marzio et al, 1994; Koch et al, 1992).
Consequently, these samples may be treated as an example of Tyl and Ty2 T-cells and

thus are a useful demonstration of the possiblehuses of this technique.

PicoGreen quantification of total DNA

RNA extracts from cell cultures were reverse transcribed and cDNA quantitated (i.e.
quantified) using the PicoGreen quantification method described above. Table 2
illustrates the fluorescence data obtained for the ¢cDNA samples, and the final
concentrations were calculated using the equation y = 0.0249x - 0.5022 derived from |

Fig. 1.

Table 2: Calculation of DNA concentration from absorbance values obtained using the

PicoGreen quantification method

Culture Abs values Mean | Abs - Diln | Egn calc. Ave,
Abs Zero COr. (ng/ml) | (ng/ml)
DNA

13
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M, 1in 300 2010,2378,2011 | 2133 | 2085 | 625506 | 15700 15021
M, 11in 600 971,916,1115 1000 | 952 | 571390 | 14342
Con A +IFNy(@@) | 2373,2237,2332 | 2314 | 2266 | 453224 | 11376 11465
Con A+IFNy | 1189,1158,1249 | 1199 | 1151 | 460319 | 11554
(i)

Con A +1IF4 (i) | 2695,2584,2803 | 2694 | 2646 | 529212 | 13283 12677
Con A +1F4 (i1) | 1301,1242,1208 | 1250 | 1202 | 480895 | 12070
Con A (1) 2387,2487,2833 | 2569 2521 | 504177 | 12655 12538
Con A (i1) 1308,1255,1293 | 1285 | 1237 | 494900 | 12422

Different dilution factors were used for the control sample as limited sample was
available. M = medium; Abs = absorbance; Diln cor. = Dilution corrected; Eqn calc. =
Equation calculation; Ave. = Average (of equation calculations); (i) = 1 in 200 dilution;

(i1) = 1 in 400 dilution.

This method is highly reproducible and quantitation was carried out on two separate
occasions, an average taken and error bars drawn (Fig. 3). A standard curve was created
each time total DNA. quantification was performed to ensure accurate calculations. The
equation created however remains relatively unchanged on each occasion. The
sensitivity of this method enables minimal DNA to be used in its quantitation, thus

preserving valuable samples.

Absolute quantitation of cDNA specific for interferon-y and interleukin-4

Having quantified the total DNA present in the cloned IFN-y and IL4 plasmids, their
copy number was calculated and real-time PCR perfofmed on dilutions of these. cDNA
from test samples were analysed on the same plate. Fig. 2 illustrates a standard curve
and the equation obtained for the IL4 plasmid on one occasion. Table 3 presents the raw
Cr values and subsequent copy number calculations using the total cDNA
concentrations obtained from the PicoGreen method. The risk of this procedure

detecting genomic DNA is eliminated by using a DNase treatment step.
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Table 3: Calculation of IL4 ¢cDNA copy number per ug total cDNA using equation

calculated from standard curve (Fig. 2)

Sample Cr Ave. Copy Conc. Vol. Amnt Copy No./
values | Cr No. (ug/ml) | Added | Added Ug
Cale. () (ug) (molecules/
bg)
Control | 20.98 | 30.50 643.55 15.020 2 0.03004 21423
30.75
30.78
Con A | 20.92 | 20.71 | 136315.76 | 12.254 2 0.02451 5562197
+IFNy | 20.38
20.83
Con A | 20.11 | 20.10 20‘6125.49 12.842 2 0.02568 8025391
+IL4 | 20.06
20.13
Con A | 20.37 | 20.32 | 176911.93 | 13.114 2 0.02623 6745063
20.26
20.34

Figures 4 and 5 illustrate the reproducibility of this method. Quantification was done on
two separate occasions, an average taken, and error bars drawn for both quantitation
runs of IL4 and IFN-y. A standard curve should be created each time total absolute
cDNA quantification is performed to ensure accurate calculations. The equation created
however, will remain relatively unchanged on each occasion. Being a PCR based
method, the sensitivity allows minimal cDNA to be used as template and hence
screening for a number of cytokines concurrently is feasible. Indeed, it may even be
possible to refine this method to multiplex several targets within the same sample, thus

examining Ty1/Ty2 ratios in the same tube.
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Example 2: Human-derived PBL

In a second experiment, PBL were isolated from a healthy male volunteer and then
stimulated overnight with either ConA, PMA + Ionomycin or LPS to induce enhanced

cytokine expression under different conditions.

PicoGreen quantification of total DNA

RNA extracts from cell cultures were reverse transcribed and cDNA quantified using
the PicoGreen quantification method described above. A standard curve was drawn
from which absolute levels of cDNA could be calculated (Fig. 6). In Fig. 6, a A DNA
standard (Molecular Probes) was diluted within the wells of an optical reaction plate to
a concentration range of 250ng/ml —15.625ng/ml. Each point plotted is an average of
triplicate fluorescence values for every standard concentration measured. The method is
highly reproducible and quantification was carried out on two separate occasions for all
samples. Average values for cDNA amounts are shown in Fig. 7 (in which two different
dilutions of cDNA derived from human PBL stimulated wjth ConA, PMA + Ionomycin,
LPS or medium alone were measured in triplicate on 2 separate occasions and the
quantity calculated after adjusting for dilution. The average for each is plotted with
standard deviation error bars drawn). A standard curve was created each time total DNA
quantification was performed to ensure accurate calculations. The equation created

normally remains relatively unchanged on each occasion.

Comparison of ribosomal and GAPDH cDNA

To examine the effect of tissue culture conditions altering the level of house keeping
genes, RT-PCR was performed in triplicate on cDNA samples using primers specific for
ribosomal or GAPDH cDNA on the same reaction plate. Cr values were used to
calculate the relative expression of ribosomal and GAPDH RNA upon stimulation with
ConA, PMA -+ Ionomycin or LPS by dividing the result by the unstimulated (medium)
control Cr (see Fig. 8, in which cDNA derived from human PBL stimulated with ConA,
PMA + Ionomycin, LPS or medium alohe were amplified with primers to ribosomal or
GAPDH cDNA. Averag.e Cr values were calculated and divided by those obtained for

medium alone samples). Clearly, GAPDH expression was significantly affected by
16
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the culture conditions, with only small, but detectable, alterations observed in ribosomal

levels.

Comparison of CBA analysis with absolute ¢cDNA quantification and quantification

relative to ribosomal RNA levels

Having quantified the total DNA present in the cloned IFN-y, IL2, IL10 and TNF-o
plasmids, real-time PCR was performed in triplicate and their copy number was
calculated. cDNA from test samples, quantified by the PicoGreen method as described
above, was analysed on the same plate in triplicate and their cytokine copy number
subsequently calculated (see Fig. 9B. In Fig. 9, human PBL were stimulated with ConA,
PMA + Ionomycin, LPS or medium alone for 24 hours. Culture supernatants were used
for the CBA analysis. c¢DNA derived from the PBL were amplified using
oligonucleotides specific to IFN-y, TNF-a,, IL10 and II2 and quantified with the

absolute quantification method using cloned cytokine cDNA fragments as standards or

~ quantified relative to ribosomal ¢cDNA). This was compared to the cytokine protein

levels from the culture supernatants measured by CBA analysis (Fig. 9A) and levels of
cytokine cDNA relative to ribosomal cDNA (Fig. 9C). The scale on the Y-axis for the
CBA and absolute quantification graphs was lowered because values for the IFN-y and
IL2 cytokines in the PMA + Ionomycin stimulation samples were exceptionally high
therefore differences in expression of cytokines in the other samples could not be
distinguished. The calculated expression levels for the CBA and absolute cDNA are '
indicated in Table 4. Interestingly, relative quantification proved fairly robust when a
single cytokine was examined, but was poor when comparing different molecules in the
same sample. Only absolute quantification could illustrate the alterations in cytokines

compared to one another as manifest by the protein levels.
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Table 4: Actual values obtained for CBA and absolute cytokine analysis

Cytometric Bead Array values (pg/ml)

IFNy TNF-o IL10 L2
Medium 7 3 8 2
ConA 3082 1374 895 .152
PMA + Ionomycin 17547 8198 460 16088
LPS ' 103 702 4311 0
Absolute cDNA levels (Copy No./ug cDNA)

IFNy TNF-a IL10 IL2
Medium 6.38E+04  8.47E+05 4.35E+05  9.94E+04
ConA 6.61E+06 8.77E+06 2.45E+06 1.03E+06
PMA + Ionomycin  2.60E+08 3.63E+06 5.43E+05 1.15E+08
LPS 6.75E+04  6.57E+05  6.81E+06  2.65E+04

Sensitivity of the absolute guantification protocol

Being a2 PCR based method, the sensitivity allows minimal ¢cDNA to be used as

template and hence screening for a number of cytokines concurrently is feasible. Indeed,

it may even be possible to refine this method to multiplex several targets within the

same sample, thus examining Ty1/Ty2 ratios in the same tube. Fig. 10 shows that IFN-y
cDNA may be detected from as few as 1000 cell equivalents. (In Fig. 10, cDNA serially

diluted down to a level equivalent of 1000 cells was amplified simultaneously with

serially diluted IFN-y plasmid standard in order to calculate copy number. All reactions

were done in triplicate. R? = 0.9966.) Furthermore Fig. 11 demonstrates this method is

sensitive down to 8 molecules of the target (i.e. a plasmid dilution of 1 in 5 x 10%). The
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linear equation remains relatively unchanged between circular and linearised plasmid.
Thus Fig. 11 also shows the efficiency of the PCR reaction is not altered by using
circular plasmid DNA (Fig. 114) in place of linearised plasmid DNA (Fig. 11B). Thus,
plasmid may be stored in its more stable circular form without the need for cutting with

restriction enzymes prior to PCR.

Discussion

Real-time PCR is an extremely powerful technique. However, often its results are open
to interpretation since there is no convention for data presentation. This anomaly has
arisen because many applications rely on non-standard calibration genes, which

themselves often change in value during experimental manipulation.

We demonstrate here a preferred method for absolute quantitation of cDNA species
using a combination of extremely accurate double-stranded DNA quantitation and a
plasmid reference curve. PicoGreen and reference standards are used in the preferred
embodiment to measure the amount of cDNA present in a sample using fluorescence.
Real-time PCR products are cloned into plasmids and then used to calibrate unknown
samples. This cloning is preferably achieved using the same primers necessary for real-
time PCR and thus does not involve a second design stage. Thus, results are expressed
as copy number/ug of ¢cDNA and consequently méy be compared between both
experiments and samples. We present results in Example 1 from a model murine system
in which absolute levels of interferon-y and interleukin-4 are measured. In Example 2,
we present results from a human system in which absolute levels of interferon-y, TNF-
o, interleukin-2 and interleukin-10 are measured. However, we believe that this

technique is widely applicable to the majority of real-time PCR applications.

In the preferred embodiment, the ébility to accurately quantitate mRNA species in terms
of copy-number represents a major step forward in clinical analysis. It should alldw an
accurate snapshot of events occurring in vivo to be assessed directly and consequently
has multiple applications. The data presented here shows that it is indeed possible to
measure absolute numbers of mRNA molecules using real-time PCR in a

straightforward manner. By expressing results as copy numbers per pg of cDNA we
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have overcome one of the major problems with previous techniques, since it is now
possible to compare samples directly, regardless of the efficiency of mRNA synthesis.
Our experience in cancer patient clinical trials has shown that T-cell numbers drop
markedly with advancing disease. Hence, the ability to express results regardless of
mRNA levels is a major step forward. We present data purely from an artificial system,
to demonstrate proof of principle, but the technique is widely applicable to a variety of

situations.

An important aspect of this method has been to utilise a sensitive and reproducible
method for ds-DNA quantitation. Unfortunately, many laboratories do not employ
rigorous enough methods to ensure that ds-template is accurately measured and
therefore it is unlikely that their results can be used in comparative studies. Although
the use of PicoGreen is, in itself, not unique (Singer ez al, 1997), this is the first time it

has been coupled with real-time PCR to calibrate copy-number calculations.

Most of real-time PCR data in the literature is derived from the use of relative
quantification by employing calibration genes. One common gene used for calibration is
glyceraldehyde phosphate dehydrogenase (GAPDH) (Overbergh ef al, 1999) which is
found in the glycolysis pathway. Unfortunately, although it has become common
practice to normalise levels of test genes against this, it has been shown that the
expression of GAPDH is regulated by interleukin-2 (Sabath ez al, 1990). Consequently,
in any inflammatory condition, the levels of GAPDH will alter and thus render relative
quantitation invalid. This is clearly demonstrated in Fig. 9. Other calibration genes have
also been used and one of the most recent is ribosomal RNA (Pleau et al, 2001). Whilst
this may be superior to others, arguments can still be made to its validity (Schmittgen
and Zakrajsek, 2000). Recent data suggests that relative quantitation may be even more
unreliable since it has been shown that the reference gene must be at a similar
concentration to the unknown in order for results to be valid (Ke et al, 2000).
Obviously, for clinical applications this is clearly unacceptable since the outcome is

completely unknown.

The use of cloned targets is known in real-time applications and allows absolute copy-

number to be evaluated by use of a standard curve (Li and Wang, 2000). However, our
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preferred method has been designed so that it is relatively simple to create a specific
plasmid for each mRNA target by using the same primers for real-time PCR as for
cloning. After DNA quantitation, the plasmid is available for absolute quantitation of
¢DNA copy-number. Furthermore, we show that results are the same for both linear and
circular plasmids, thus facilitating reference plasmid storage. The simplicity of this

technique makes the use of reference genes, and their associated complexity, redundant.

Our particular interest has been to use the technique to measure cytokine transcripts
from cancer patient samples before and after vaccination. The measurement of
cytokines is a major area of research, and several authors have measured transcripts
using real-time PCR (Stordeur et al, 2002; Overbergh et al, 1999; Kruse et al, 1997).
Consequently, this topic requires standardisation since several different methods are
employed. We propose that by using copy number per pg cDNA it should be possible to
compare results between laboratories. Furthermore, this particular application
demonstrates another advantage of the technique, since it is possible to use the same

cells for both mRNA and protein quantitation.

Routinely, we stimulate cells overnight with mitogens or Calcium ionophore, harvest
cells for mRNA extraction and retain the supernatant. This culture medium can then be
tested for protein content by a variety of techniques such as ELISA or Cytometric Bead
Array (CBA; BD Biosciences). We believe that this represents a major step forward
since, although it it well known mRNA levels do not correlate absolutely with protein
(Hein et al, 2001), an ability to prove that the changes detected in message levels
correlate with the protein output of the cell, gives functional validity to real-time data.
Although total levels do vary slightly (Table 4), clear trends in both systems are
apparent (Fig. 9). Both real-time PCR and CBA are plate based assays and thus have a
high throughput making them ideal for use in clinical trial monitoring.
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Claims

1. A method for quantification of a target nucleic acid in a sample, comprising the

steps of:

(1) accurately quantifying the total amount of nucleic acid in the sample using
fluorescence;

(2) amplifying the target nucleic acid using real-time PCR primers to produce an
amount of amplicon;

(3) building a reference plasmid based on this amplicon;

(4) constructing a fluorescence reference curve of real-time PCR reactions with
different given quantities of the plasmid;

(5) running a real-time PCR reaction with an aliquot of the sample to amplify the target
nucleic acid and obtain a fluorescence result; and

(6) correlating the fluorescence result of step (5) with the reference curve of step (4) to

quantify the target nucleic acid in the sample.

2. The method according to claim 1, wherein the amplicon of step (2) is cloned into
a vector in step (3) to produce the plasmid which is quantified and used to construct the

fluorescence reference curve of step (4).

3. The method according to either one of claim 1 or claim 2, wherein the real-time

PCR reaction in step (5) employs the real-time primers used in step (2).

4. The method according to any one of the preceding claims, wherein the nucleic

acid quantification method of step (1) has a resolution of at least of 1 ng/m] DNA.

5. “'The method according to any claim 4, wherein the nucleic acid quantification

method employs PicoGreen (RTM) dsDNA quantitation reagent.

6. The method according to claim 5, wherein both step (2) and step (5) are carried
out using a fluorescence-detecting thermocycler, for example a Perkin Elmer/Applied

Biosystems Prism 7700 Sequence Detector System.
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7. The method according to any one of the preceding claims, wherein the
fluorescence reference curve is constructed using the natural log of the threshold cycle
(Cr) of the real-time PCR reactions against given quantities of the amplicon or cloned

amplicon expressed as copy number.

8. The method according to any one of the preceding claims, wherein the target
nucleic acid in the sample is quantified as copy number per amount of total nucleic acid

present in the sample (for example, copy number per pg cDNA).

9. The method according to any one of the preceding claims, wherein the target

nucleic acid comprises RNA.

10.  The method according to claim 9, wherein cDNA constructed from the RNA is

used as the target nucleic acid in steps (2) and (5).

11. The method according to any one of the preceding claims, wherein protein levels

in the sample are quantified.

12. The method according to any one of the preceding claims, wherein the target

nucleic acid used in step (2) is from a source other than the sample.

13.  The method according to any one of the preceding claims, wherein steps (4) and

(5) are conducted in same reaction plate.

14.  The method according to any one of the preceding claims, wherein the quantity

of target nucleic acid is proportional to a cytokine quantity.

15.  The method according to claim 14, wherein the real-time PCR reactions employ
pre-defined assay reagents (PDAR) specific for IFN-y or IL4 (for example, as
obtainable from Applied Biosystems).

16.  The method according to claim 14, wherein the real-time PCR reactions use

primers and probes for IFN-y, IL2, IL10 and/or TNF-o as defined in Table 1.
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